The purpose of this study was to examine the prognosis for patients with head and neck cancer after reirradiation using Cyberknife stereotactic body irradiation with special focus on mucosal ulceration. We conducted a retrospective multi-institutional review of 107 patients with previously irradiated head and neck cancer. The median follow-up time for all patients was 15 months, and the 2-year overall survival rate was 35%. Significant prognostic factors for overall survival were primary site (nasopharynx versus other sites), presence of ulceration, and PTV volume. Detailed analysis of ulceration showed a lower response rate (28%) in the ulceration (+) group than the ulceration (−) group (63%; P = 0.0045). The 2-year overall survival rates were 8% in the ulceration (+) group and 42.7% (P = 0.0001) in the ulceration (−) group, respectively. We recorded 22 severe toxicities, including 11 patients with carotid blow-out syndrome (CBOS), which was fatal in 9 patients. CBOS occurred in 6 patients with ulceration (6/25; 24%), and 5 patients experienced CBOS without ulceration (5/82; 6%; P=0.027). In conclusion, ulceration is an important prognostic factor, not only for adverse events but also for survival after reirradiation using CyberKnife.
INTRODUCTION
Several advanced treatments have been developed in recent years aimed at improving head and neck cancer outcomes, including stereotactic body irradiation (SBRT), intensity-modulated radiotherapy, and chemoradiotherapy (e.g. cisplatin and/or cetuximab) [1] . However, locoregional failure occurs in 20-30% of patients and represents a main treatment obstacle [2, 3] . With a median survival rate of 6-10 months, chemotherapy is the mainstay treatment in patients with locoregional failure, but only 20-30% of patients are candidates for salvage surgery [3, 4] . Reirradiation has become a potentially curative therapy with the advent of modern radiotherapy techniques, such as intensity-modulated radiotherapy and SBRT [5] . CyberKnife is a nearly real-time image-guided SBRT system suitable for precise dose delivery over short treatment periods. Therefore, it is used in reirradiation for head and neck cancer [6] [7] [8] [9] .
Short-period SBRT using hypofractionation has been studied because of its precise dose delivery with limited acute toxicity that enables the use of salvage radiotherapy even in frail patients. We previously reported positive initial responses to SBRT [6] ; however; this study was limited because it involved a small number of patients treated at a single institute. Furthermore, lethal toxicity [i.e. carotidblow out syndrome (CBOS)] was identified as a serious consequence [10] . We found that the presence of mucosal ulceration was a risk factor for CBOS, particularly in patients where tumor invasion of the carotid artery was >180° [11] . Those results prompted us to examine the role of ulceration because it could also be a potentially important tumor characteristic for prognosis as well as toxicity. The aim of this study was to examine prognostic factors after reirradiation using CyberKnife, particularly focusing on ulceration.
MATERIALS AND METHODS
We included patients with recurrent head and neck tumors treated at the Soseikai General, Fujimoto Hayasuzu, Okayama Kyokuto, and Osaka University Hospitals (Japan) between 2000 and 2010. All recurrences occurred in an area previously irradiated with ≥40 Gy. We excluded patients who received SBRT as a planned boost after conventional external radiotherapy and those with other disease sites outside the reirradiation area. The first course of radiotherapy was delivered by a conventional technique using either Linac curative intent or postoperative radiotherapy. The median age of patients was 63 years (range, 35-88 years) and they included 78 males and 29 females. Patient and disease characteristics are listed in Table 1 .
The most common primary sites were the nasopharynx (38%), oropharynx (19%) and nasal passage/sinus (18%). SBRT reirradiation was performed using the CyberKnife system. Patients were treated with a median dose of 30 Gy (range, 15-39 Gy) in a median of five fractions (range, 3-8 fractions) prescribed as D90, D95, or a marginal dose. D90 and D95 doses were defined by a minimum dose covering 90% and 95%, respectively, of the planning target volume (PTV). Most frequently used doses were 27 Gy (n = 33), 30 Gy (n = 21), 35 Gy (n = 14), 25 Gy (n = 9), and 37 Gy (n = 7) in five fractions, among others. The marginal dose was defined as the percentage (100% = maximum dose) of an isodose curve covering the PTV. Ulceration (mucosal ulceration in the tumor lesion) was identified by visual inspection, including fiberscope, contrast-enhanced computed tomography (CT) and/or magnetic resonance imaging (MRI). Dose constraints to the critical organs were defined while taking into account the previously delivered dose. No patient received concurrent chemotherapy. Following the completion of treatment, radiological evaluations consisting of a CT and/or an MRI were performed along with an evaluation of tumor response using the Response Evaluation Criteria in Solid Tumors system. In principle, follow-up by physical examination was performed at least in 1-month intervals for the first year and at 3-6-month intervals thereafter. Examination with imaging procedures, such as CT, MRI and/or ultrasonography, were performed after 3 months, 6 months, 1 year, 1.5 years, and 2 years and at 1-year intervals thereafter or when local or lymph node recurrence was suspected. Toxicity was evaluated using the National Cancer Institute Common Toxicity Criteria scale version 3.0. The biologically equivalent dose was calculated as equivalent 2-Gy fractions (EQD2) using a linear-quadratic model, where α/β = 10 for tumors and α/β = 3 for organs at risk.
We divided EQD2 by >40 Gy (EQD2) [= 30 Gy/5 fractions] or less as a median value.
Statistical analysis
All statistical analyses were performed using Stat-view 5.0 statistical software (SAS Institute, Inc., Cary, NC, USA). Percentages were analyzed using the χ 2 test, and values were compared using the MannWhitney U test. The durations of survival were calculated from the first day of CyberKnife SBRT. Complications were graded using the Common Terminology Criteria for Adverse Events version 3.0. Actuarial survival curves were generated using the Kaplan-Meier method, and comparisons were made using the log-rank test. Variables that had P-values <0.10 were tested further by multivariate analysis using a Cox proportional hazards model. All analyses used the P < 0.05 level of significance unless otherwise indicated.
RESULTS
Ulceration was more commonly observed in oral (43%) and oropharyngeal cancers (52%) compared with other types [nasopharynx (17%), hypopharynx (9%), nasal/paranasal (0%); P = 0.0003; Supplemental Table 1 ]. The ulceration (+) group showed a median PTV volume of 41.9 cm 3 , and 61% of patients (50/82) had a surgical history. The ulceration (−) group had a PTV volume of 27.0 cm 3 (P = 0.06), and 40% of patients (10/25) had a surgical history (P = 0.06). Therefore, we concluded that larger tumors have a higher probability of developing ulceration postoperatively. The initial response rate [complete response (CR) + partial response (PR)] was 54%, with a CR seen in 23 patients and PR in 35. Stable disease was observed in 39 patients and progressive disease in 9 (initial tumor response could not be assessed in 1 patient because of poor general condition). The ulceration (+) group showed a lower response rate (28%: 1 CR + 6 PR = 7/25) than the ulceration (−) group (63%: 22 CR + 29 PR = 51/81; P = 0.0045). Locoregional failure was observed in 35 patients (33%) as initial tumor progression. The locoregional control rate for all patients at 2 years was 64% [95% confidence interval (CI), 53-74%]. Univariate analysis revealed primary tumor site (nasopharynx versus other sites) (P = 0.02), and the presence of ulceration (P = 0.01) were statistically significant predictors of locoregional control rate.
The median survival time was 14.4 months (95% CI, 10.8-19.4 months), with a median follow-up of 15 months (10-122 months). The 1-and 2-year overall survival (OS) rates were 55% (95% CI, (1) or not (0)]. The 2-year survival rates were not available for Index 0 (n = 14; 9% at 7.6 months), 14% (95% CI, 0.01-28%) for Index 1 (n = 32), 43% (95% CI, 24-62%) for Index 2 (n = 38) and 64% (95% CI, 43-84%) for Index 3 (n = 25) (P < 0.0001). This risk classification system was able to separate the risk group well.
45.6-65.3%) and 35% (95% CI, 25.5-46.1%), respectively. The 2-year OS rates were 8% in the ulceration (+) group and 42.7% in the ulceration (-) group, respectively (Fig. 1a) . Univariate analysis revealed that primary site (nasopharynx), small PTV volume, absence of ulceration, higher prescribed dose (EQD2 ≥ 40 Gy = 30 Gy/5 fractions) and long radiotherapy interval were favorable predictive factors for OS (Table 2 ). Multivariate analysis revealed that primary site, absence of ulceration, and small PTV volume were statistically significant predictors for OS (Table 3) .
To investigate the value of considering ulceration in prognosis, we performed an exploratory subgroup analysis using the three statistically significant prognostic factors: the PFS index = summation of those three factors, each denoted as 0 or 1 [ primary site nasopharynx (1) or not (0), PTV volume < 40 cm 3 (1) or not (0), and absence of ulceration (1) or not (0)]. The 2-year survival rates were: not available for Index 0 (n = 14; 9% at 7.6 months ); 14% (95% CI, 0.01-28%) for Index 1 (n = 32); 43% (95% CI, 24-62%) for Index 2 (n = 38); and 64% (95% CI, 43-84%) for Index 3 (n = 25) (P < 0.0001, Fig. 1b ). Cox's regression model revealed that the hazard ratio of the index group 3 was 2.07 (95% CI, 0.98-4.36, P = 0.05), 4.308 for the index group 2 (95% CI, 2.03-9.12, P = 0.0001) for index group (1), and 17.4 (95% CI, 6.59-45.8, P < 0.0001) for control index group 0. This risk classification system separated the risk groups well (Fig. 1b) .
Toxicity
A total of 22 patients (21%) presented with ≥Grade 3 toxicities, including 5 with fistulas, 2 with temporal lobe necrosis, 1 with bone necrosis/abscess, 5 with skin ulceration (with or without necrosis), 1 with visual disturbance, and 1 that required long-term percutaneous endoscopic gastrostomy (Table 4 ). There were 11 incidences of CBOS, resulting in nine deaths. A total of 2 CBOS patients were treated with interventional radiology procedures and manual compression. We examined clinical characteristics that may have predisposed patients to CBOS and identified ulceration as the only statistically significant predictor (Table 5 ). CBOS occurred in 6 patients with ulceration (6/25; 24%), whereas 5 patients experienced CBOS without ulceration (5/82; 6%; P = 0.027). The median duration between reirradiation and CBOS occurrence was 4.2 months (range: 0.9-27.5 months). 
DISCUSSION
Long-term survival (>5 years) has become common for patients with head and neck cancer with the advent of improved treatment modalities and chemotherapy. However, a substantial number of patients develop in-field recurrence or adjacent primary cancers [1] . The management of recurrence in the head and neck remains challenging due to the high doses of radiation therapy required during initial curative treatment of the primary disease [2, 3] . CyberKnife is a novel modality that delivers precise doses with a shallow dose gradient. Several groups have investigated treatment with CyberKnife SBRT, including ours [6] [7] [8] [9] , and have demonstrated reduced acute toxicity due to short treatment periods and limited irradiation fields [6] [7] [8] [9] . Late adverse events are most likely to limit the potential of this technique. For example, CBOS is one of the most devastating toxicities that can occur following reirradiation. Chloe et al. reported that 15 out of 33 treatment-related deaths (40%) were related to CBOS in 166 patients (15/166; overall rate = 9%) [12] . We also found 8.4% of CBOS among 381 head and neck carcinoma patients treated with 484 reirradiation sessions at seven Japanese CyberKnife institutions, and 69% of them were fatal [10] . In addition, the presence of ulceration associated with carotid invasion of >180°was an important risk factor for CBOS [11] . Therefore, we examined the predisposing factors for survival, including ulceration, in the current study.
Previously reported prognostic factors after reirradiation include nasopharyngeal primary site versus other sites [13, 14] , radiotherapy (2) Skin ulceration/ necrosis (1) a CBOS (9) Fistula (4) CBOS (1) Temporal lobe necrosis (2) Bone necrosis/abscess (1) CBOS ( interval [6, 15] , irradiated dose [14, 16] , tumor volume [8, 17] , presence of comorbidities, tumor burden [18] , and resectability [14, 16, 19] . Ulceration is a well-known prognostic factor in patients who have received initially curative radiotherapy for head and neck cancer. Ulceration represents an invasive tumor characteristic and is regarded as a poor prognostic factor in the pretreatment of head and neck cancer patients [20] . Thus, it is plausible that infiltrative tumor characteristics influence prognosis, including toxicity, even following reirradiation. In addition, because CBOS was the only lethal toxicity found after reirradiation, it is quite natural that ulceration influenced OS through CBOS. Therefore, we believe ulceration as a tumor factor should be considered an important prognostic and risk factor, not only for CBOS [11] but also for OS. Hypofractionated SBRT, therefore, may not be a good candidate therapy for larger tumors with ulceration because their prognosis is poor, and informed consent including explanation of lethal CBOS (especially with carotid invasion of more than 180 degrees) incidence should be obtained for cases in which radiotherapy is considered [11] . There were several limitations to this study. First, this is a retrospective review including a number of disease sites; thus, selectionand physician-based bias may exist. Second, we were unable to analyze the details of previous chemotherapy and/or surgery because of the large heterogeneity in reporting practices between institutions. A prospective trial with a larger number of patients and longer followup should be performed to confirm our findings. In addition, several trials have investigated strategies to improve the outcome of reirradiation. For example, treatment on alternate days has been shown to reduce toxicity compared with daily treatment. Several authors have reported prospective trials using an alternate-days schedule with lower toxicity than that of our report [8, 9] . Furthermore, they used concurrently new therapeutic agents, such as cetuximab, to enhance efficacy. Although their data do not show a better OS than those reported in our study, we plan to change daily treatment to alternatedays treatment to reduce the incidence of CBOS in the future.
In conclusion, ulceration is an important prognostic factor, not only for adverse events but also for survival after reirradiation using CyberKnife.
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